ABSTRACT. The ontogenetic renal responsiveness to exogenous cortisol was examined in the chronically cannulated ovine fetus. The contribution of effects a t proximal and distal tubule of the kidney were studied also. Cortisol (81.5 pg/h) was infused into immature ovine fetuses (mean gestational age -113.9 days) on five occasions and increased blood cortisol from 0.8 f 0.5 to 21.3 + 6.2 nmol/ liter. This dose of cortisol produced a highly significant diuresis and natriuresis, in part due to an increase in GFR and in part due to a significant decrease in proximal tubular reabsorption of sodium. Cortisol (107.2 + 4.7 &h) was infused into mature fetuses (mean gestational age 133.4 days) and produced an increase in blood cortisol concentration from 11.4 + 5.6 to 33.7 2 6.8 nmol/liter. No natriuresis or diuresis was seen in the mature fetuses. Cortisol caused a significant depression of proximal tubular sodium reabsorption in mature fetuses, but this extra load was reabsorbed in the distal tubule in these fetuses. The inability of the premature or very low birth wt baby to maintain normal sodium balance on a standard salt intake may be due, at least in part, to a "fetal" renal response to the high plasma cortisol concentrations found in such babies. As the kidney matures it becomes capable of increasing distal tubular sodium reabsorption to compensate for any increased distal tubular fluid delivery. (Pediatr Res 26: 6-10, 1989) Abbreviations FRN,, fractional reabsorption of sodium FR,,i, fractional reabsorption of lithium uN,,v, uKV, UclV, Uc.V, renal excretion rate of sodium/ potassium/chloride/calcium may be responsible for neonatal hyponatremia. However, subsequent investigations have shown that a characteristic of this defect is decreased proximal tubule reabsorption of sodium (2) implying that renal insensitivity to aldosterone may be only partially responsible. The relative immaturity of renal function in very low birth wt and premature neonates seems to be important in the pathogenesis of hyponatremia. Premature neonates exhibit a greater natriuresis and a lower GFR in response to oral salt loading when compared to full-term neonates (5, 6). This is consistent with histopathologic studies that show that glomerular formation in the human infant is not complete until late in gestation (7), whereas tubular development is not complete until 1 y after birth (8).
ABSTRACT. The ontogenetic renal responsiveness to exogenous cortisol was examined in the chronically cannulated ovine fetus. The contribution of effects a t proximal and distal tubule of the kidney were studied also. Cortisol (81.5 pg/h) was infused into immature ovine fetuses (mean gestational age -113.9 days) on five occasions and increased blood cortisol from 0.8 f 0.5 to 21.3 + 6.2 nmol/ liter. This dose of cortisol produced a highly significant diuresis and natriuresis, in part due to an increase in GFR and in part due to a significant decrease in proximal tubular reabsorption of sodium. Cortisol (107.2 + 4.7 &h) was infused into mature fetuses (mean gestational age 133.4 days) and produced an increase in blood cortisol concentration from 11.4 + 5.6 to 33.7 2 6.8 nmol/liter. No natriuresis or diuresis was seen in the mature fetuses. Cortisol caused a significant depression of proximal tubular sodium reabsorption in mature fetuses, but this extra load was reabsorbed in the distal tubule in these fetuses. The inability of the premature or very low birth wt baby to maintain normal sodium balance on a standard salt intake may be due, at least in part, to a "fetal" renal response to the high plasma cortisol concentrations found in such babies. As the kidney matures it becomes capable of increasing distal tubular sodium reabsorption to compensate for any increased distal tubular fluid delivery. (Pediatr Res 26: [6] [7] [8] [9] [10] 1989) Abbreviations FRN,, fractional reabsorption of sodium FR,,i, fractional reabsorption of lithium uN,,v, uKV, UclV, Uc.V, renal excretion rate of sodium/ potassium/chloride/calcium may be responsible for neonatal hyponatremia. However, subsequent investigations have shown that a characteristic of this defect is decreased proximal tubule reabsorption of sodium (2) implying that renal insensitivity to aldosterone may be only partially responsible. The relative immaturity of renal function in very low birth wt and premature neonates seems to be important in the pathogenesis of hyponatremia. Premature neonates exhibit a greater natriuresis and a lower GFR in response to oral salt loading when compared to full-term neonates (5, 6) . This is consistent with histopathologic studies that show that glomerular formation in the human infant is not complete until late in gestation (7), whereas tubular development is not complete until 1 y after birth (8) .
In mature mammals the presence of adrenal steroids is essential for normal renal function. A characteristic of adrenalectomized or hypophysectomized animals and patients with adrenal or pituitary insufficiency is a delayed diuresis following oral or parenteral water loading, accompanied by impaired sodium conservation and reduced GFR and renal blood flow. Administration of deoxycortisone acetate or aldosterone in the presence of normal sodium balance and extra-cellular volume has no effect on the delayed diuresis, whereas cortisol-like steroids correct this diuresis (9-1 1).
Clinical investigations have reported that premature neonates have higher plasma cortisol concentrations (12) especially when suffering respiratory distress (13). Wintour et al. (14) , demonstrated that cortisol was both natriuretic and diuretic in the premature ovine fetus. They hypothesized that the kidneys of premature or low birth wt neonates may be functionally more closely related to those of the fetus rather than a full-term neonate and suggested that the inability of premature or low birth wt babies to retain sodium adequately on a standard salt intake may be due, in part, to the effect of cortisol on the immature kidney.
The aims of the present investigation were 2-fold. First, to investigate ontoeenetic renal res~onsiveness to cortisol in the " "
Both premature and low birth wt neonates have been reported chronically cannulated ovine fetus and second, to examine the to exhibit excessive renal salt loss (1-3), the magnitude of which possible mechanism(s) by which cortisol, at physiologic doses, is inverselv ~rovortional to the gestational age of the fetus at produces both natriuresis and diuresis in immature ovine fetuses. delivery ( f ) . '~h k s e neonates fre&ently develop hyponatremia, which is not confined to the immediate days after birth, but may MATERIALS AND METHODS also occur sporadically for 2 to 6 wk (3).
Sulyok el al. (4) correlated excessive renal salt loss in premature Animals. The chronically cannulated fetuses of cross-bred and low birth wt neonates with increases in plasma aldosterone Merino ewes of known mating dates were used for the present concentration, suggesting that renal insensitivity to aldosterone investigation. The procedure for fetal cannulation and the maintenance of cannulas has been described previously (15) . Briefly, 7 surgery, while being maintained in individual metabolic cages with food and water ad libitum. All ewes received a 3 g NaCl supplement daily to ensure that the ewe was sodium replete. As aldosterone can cross the ovine placenta, we wished to ensure that no maternal aldosterone was acting on the fetal kidney. On the day of the experiment, drinking water was removed from the cage. Fetuses were categorized as mature (> 120 days, n = 5) or immature (<I20 days, n = 5) according to their gestational age on the day of experimentation. Experiments were not performed when the fetus was thought to be stressed, i.e., when fetal urine osmolality, arterial blood gases, and hematocrit were outside the normal range (16) . All fetuses received both cortisol and saline infusions, in random order, at least 2 days apart. Experimental protocol. On the day of the experiment fetal urine was drained for at least 30 min to ensure an empty bladder. Hourly urine collections were then made for a subsequent 8 h for the measurement of pH, osmolality, electrolyte concentrations, "Cr-EDTA and for the calculation of urinary flow rate, GFR, fractional sodium reabsorption, and free water clearance. Throughout the 8-h period a solution of 0.9% NaCl (w/v) containing 0.5 pCi/ml 51Cr-EDTA and 52.29 f 1.08 (n = 20) mmol/liter lithium was infused at 1.9 ml/h using a Braun Perfusor VI pump. Fractional lithium reabsorption was used as an index of fractional sodium reabsorption in the proximal tubule.
The 8-h experimental protocol consisted of a 1-h equilibration period, a 1-h control period, a 4-h infusion period where either cortisol (Steraloids Inc. Wilton, NH) 100 pg/h or 0.9% NaCl (w/ v) was infused followed by a 2 h postinfusion period.
Fetal arterial blood samples (2.2 ml) were collected half-way through each urine collection period, for the measurement of pH, osmolality, electrolyte concentrations, "Cr-EDTA, and for the calculation of GFR, fractional sodium reabsorption, and free water clearance. Samples of fetal arterial blood (10 ml) and maternal venous blood (20 ml) were collected at the end of the infusion period for the assay of aldosterone, corticosterone and cortisol. Aliquots of the infusate were taken for the assay of cortisol.
Sample analysis. Osmolality was measured by freezing point depression using an Advanced Instruments Osmometer. Sodium and potassium concentrations in plasma and urine were measured on a Beckman system E2A electrolyte analyzer (Beckman Instruments Inc., Fullerton, CA); urinary chloride was measured using Standard Technicon Autoanalyser techniques. Urine ionized Ca concentrations were measured by a Radiometer ICAl ionized calcium analyzer (Radiometer America Inc., Westlake, OH). Fetal arterial blood pH, Pco2 and PO2 were all measured on a Corning 108 blood gas machine (Corning Glass Works, Corning, NY). Lithium was measured in plasma and urine using a Varian Spectra AA-40 atomic absorption spectrophotometer (Varian Associates, Inc., Palo Alto, CA). This procedure has been described previously by Shine et al. (17) .
Steroids were measured by the double isotope dilution derivative assay which has been validated for use in ovine fetal blood (1 8).
Formulae. GFR was calculated from the standard formula:
U.V for "Cr-EDTA P where U is urine concentration; V is urine flow rate; and P is plasma concentration.
Free water clearance was calculated from the formula:
Fractional Na and Li reabsorption rates were calculated by the formulas:
Distal tubular sodium reabsorption was calculated from the total minus the calculated proximal tubular reabsorption.
Statistics. Values are mean f SEM. The significance of the difference between plasma aldosterone, corticosterone, and cortisol concentrations during cortisol or isotonic saline infusions were tested using the Student's t-test for independent means. The Student's t-test was also used to assess the significance of difference in urinary parameters between mature and immature fetuses. For changes in urinary parameters with time, in either mature or immature fetuses, a two-way ANOVA was used. Linear regression was calculated using the least squares method and the significance of the regression was estimated by calculating an analysis of variance about that regression.
RESULTS
Immature fetuses had a mean age of 113.9 + 1.4 (n = 10) days, whereas mature fetuses were 133.4 _+ 1.7 (n = 10) days of gestation on the day of experimentation. The values for fetal arterial blood pH, Pco2, Po2, and urine osmolality at the commencement of experiments in immature fetuses were 7.36 + 0.01, 47.4 f 1.3 (mm Hg), 22.7 + 1.2 (mm Hg), and 143.5 -e 8.1 mosmol/kg water although in mature fetuses they were 7.34 t 0 . 0 4 , 47.7 + 1.5 (mm Hg), 24.6 + 0.9 (mm Hg), and 101.5 + 6.8 mosmol/kg water. These are well within the range for unstressed fetuses with low plasma ACTH concentrations in our laboratory (1 6).
Analysis of cortisol infusates showed that immature fetuses received 8 1.5 f 15.4 (n = 5) pg/h whereas mature fetuses received 107.2 + 4.7 (n = 5) pg/h. Corticosterone and cortisol at the end of the infusion of saline/cortisol are shown in Table 1 .
Cortisol infused at 8 1.5 t 15.4 (n = 5) pg/h into immature fetuses significantly increased urinary excretion of Na, K, C1, 11.7 ml/h, and 104.6 t 15.9 mosmol/kg. Saline infused for 4 h into mature fetuses similarly had no effect on the above urinary parameters (see Fig. 2 ). Using the Student's t-test for independent means, no significant difference was found in urinary excretion of Na, K, C1, and Ca during the control periods, between immature and mature fetuses. Urine flow ( p < 0.005), CHzo ( p < 0.005), and GFR ( p < 0.001) during control periods were significantly greater in mature fetuses when compared to immature fetuses, while urine osmolality was significantly greater ( p < 0.001) in immature fetuses.
No significant difference in either fractional sodium or fractional lithium reabsorption were found between mature and immature fetuses during the control periods (Figs. 1 and 2 ). Cortisol caused a significant depression of proximal tubular sodium reabsorption in both immature and mature fetuses. There was an increase in distal tubular sodium reabsorption in both groups of fetuses, but it was sufficient to overcome the increased delivered load in the mature fetuses only.
GFR was significantly increased ( p < 0.002) by the 3rd h of the cortisol infusion in immature fetuses (Fig. 1) . No similar effect was shown in mature fetuses (Fig. 2) . Both fractional sodium ( p < 0.001) and fractional lithium ( p < 0.003) reabsorptions were significantly reduced by the 3rd h of the cortisol infusion in immature fetuses (see Fig. 1 ). Fractional lithium reabsorption was also significantly reduced ( p < 0.029) in mature fetuses. Saline infusions into both mature and immature fetuses had no significant effect on either fractional sodium or fractional lithium reabsorptions (see Figs. 1 and 2) . No significant correlation (r = 0.33, p < 0.61) could be found between blood cortisol concentrations and urinary sodium excretion, with combined data from both mature and immature fetuses.
In Figures 3 and 4 the amount of sodium reabsorbed in proximal and distal segments of the nephron are plotted against GFR for the immature and mature fetuses. There was a highly significant correlation between GFR and amount of sodium reabsorbed in both proximal and distal segments. The gradient These were well within the range of values previously reported in this laboratory (19) .
Although higher blood cortisol concentrations were achieved in mature fetuses, exogenous cortisol had no significant effect on urinary sodium, potassium, chloride and calcium excretion, or free water clearance, whereas the lower blood cortisol concentrations achieved in the immature fetuses significantly increased each of these urinary parameters. These results suggest that an ontogenetic change, in fetal renal responsiveness to cortisol, occurs late in the last third of gestation.
The mechanism(s) by which cortisol exerts its renal effects has yet to be elucidated. Numerous studies have reported the presence of glucocorticoid receptors in renal glomeruli (20, 2 I), but precisely how glucocorticoids influence renal function is not clearly understood, even in the adult. It has been reported that glucocorticoid binding sites, as measured with [3H]triamcinolone-acetonide, decrease in rat kidneys with increasing post-natal age, from 20-40 days (22) . The rat kidney is relatively immature at birth, nephrogenesis not being complete until after birth (23) . Nephrogenesis is complete before birth in ovine fetuses (24) . Thus glucocorticoid receptors might decrease or be down-regu- The acute effects of a 4-h infusion of cortisol on fetal renal function must be differentiated from the effects of a longer exposure to increased glucocorticoids late in gestation. It is well known that maturational changes occur in fetal renal function as term approaches. In both acute and chronic preparations it has been shown that GFR in the ovine fetus increases absolutely with increasing gestational age, but remains constant when expressed as ml/min/g of kidney wt (24) (25) (26) (27) . At birth there is a disproportionate increase in GFR (25) . Stonestreet et al. (28) found that fetal lambs prematurely delivered, due to intramuscular injections of bethamethasone, had higher GFR and lower fractional sodium excretion than did placebo treated fetuses near term, or full-term lambs, suggesting that glucocorticoids may be involved in functional maturation of the kidney.
Significant increases in urinary sodium excretion were also accompanied by a significant decrease in fractional lithium reabsorption in immature fetuses. Lithium reabsorption correlates well in some adult kidneys with sodium reabsorption in the proximal convoluted tubule (29-3 1). It has been shown recently that lithium reabsorption is also a good index of proximal tubular sodium reabsorption in the ovine fetus (3 1) (Lumbers ER, personal communication).
The clearance of lithium represents the clearance from the proximal convoluted tubule and the pars recta, and the distal tubular reabsorption of sodium calculated in this report represents all the sodium reabsorbed from this point to the end of the nephron.
Thus it seems that at least some of the effect of cortisol in 10 TOWSTOLESS ET AL immature fetuses was due to the proximal tubule rejection of sodium. Parallel decreases in FRN, in the present study also support this. In mature fetuses significant decreases in FRL, were not accompanied by changes in fractional sodium reabsorption, suggesting that more distal tubule sodium reabsorption was occurring in these older fetuses. The absence of an increase in GFR, with cortisol infusion, in the mature fetuses, in addition to a more effective distal tubular sodium reabsorption, may be responsible for the absence of a natriuretic response in the mature animal. The decrease in urine osmolality that occurs as fetuses mature also argues that distal mechanisms are more effective in NaCl reabsorption before term (32) .
Recently it has been demonstrated (17) in this laboratory that infusions of ANF (4.4 pg/h) into relatively immature ovine fetuses reduce FRN, and FRL; from 96.5 + 1.0 and 64.3 k 7.5% to 86.5 a 2.8 and 46.8 + 9.6%. In the present study similar reductions in FRN, and FRL, were seen from 96.6 2 0.2 and 65.7 a 2.2% to 87.35 t-3.0 and 47.0 f 7.4%. Analysis of these data using Student's t-test for independent means showed that both ANF (4.4 ~g / h ) and cortisol (100 pg/h) reduced FRN, and F R L~ to the same extent, i.e. there is no significant difference between the effect of cortisol on FRN, and FRL~ when compared to that of ANF. This, however, does not prove that the effects of cortisol are mediated via ANF. In fact the increased sodium excretion seen when ANF was infused occurred in the absence of any change in cortisol values and more recent studies have shown that cortisol does not increase plasma ANF concentrations in the immature ovine fetus (Wintour EM, unpublished data). It is most likely that factors that disrupt glomerular-tubular balance may work on different receptors and mechanisms to achieve the same result.
In conclusion, it has been found that cortisol, in physiologic concentrations, is diuretic and natriuretic in the immature ovine fetus. This effect is not seen in the mature ovine fetus as mechanisms of sodium reabsorption in the nephron distal to the pars recta become increasingly capable of reabsorbing an increased delivery of filtrate. The effects of cortisol and ANF in the immature kidney may explain the inability of premature or low birth wt human neonates to conserve sodium on a standard salt intake (1 -3).
